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ABSTRACT Model refinement calculations utilizing the results from time-resolved x-ray diffraction studies indicate that
specific, large-scale changes (i.e., structural changes over a large length scale or long range) occur throughout the
cylindrically averaged profile structure of the sarcoplasmic reticulum ATPase upon its phosphorylation during calcium active
transport. Several physical-chemical factors, all of which slow the kinetics of phosphoenzyme formation, induce specific,
large-scale changes throughout the profile structure of the unphosphorylated enzyme that in general are opposite to those
observed upon phosphorylation. These results suggest that such large-scale structural changes in the ATPase occurring
upon its phosphorylation are required for its calcium transport function.
INTRODUCTION
The active (energy-dependent) transport of calcium from
the cytoplasm across the sarcoplasmic reticulum mem-
brane into the sarcotubular system by the membrane
Ca2+ ATPase is responsible for the relaxation phase of the
contraction-relaxation cycle in striated and cardiac mus-
cle (1). Since the sarcoplasmic reticulum membrane can
be isolated in the form of closed unilamellar vesicles in
which the Ca2+ ATPase comprises over 90% of the
membrane protein (2), the enzyme-catalyzed reactions
involved in the calcium active transport process (3), and
the structure and organization of the membrane compo-
nents (4) have been relatively well characterized. As a
result, this system provides an excellent prototype for the
study of critical structure-function relationships involved
in the active transport of ions across biological mem-
branes.
In the course of our structural and functional studies of
the Ca2+ ATPase of the sarcoplasmic reticulum (SR), we
have previously determined the separate profile structures
of the phospholipid bilayer and the Ca2' ATPase protein
within fully functional, isolated sarcoplasmic reticulum
membranes (5, 6). Those structural studies utilized merid-
ional x-ray and neutron diffraction from oriented mem-
brane multilayers coupled with the perdeuteration of the
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membrane phospholipids and H20/D20 exchange and
provided the profile structure of the ATPase to 12 A
resolution, as cylindrically averaged about the membrane
normal by the smectic liquid-crystalline order in the
membrane. We have also analyzed the multiphasic kinet-
ics of calcium active transport by these isolated SR
membranes in the form of unilamellar vesicular disper-
sions as compared with oriented membrane multilayers.
That work employed the flash-photolysis of caged ATP
and double-beam spectrophotometry of metallochromic
dyes localized in the extravesicular medium to initiate
and monitor the calcium active transport by the ATPase
ensemble (7, 8). A fast phase of calcium uptake was
associated with the formation of the first phosphorylated
enzyme intermediate El - P and the "occlusion" of the
two high-affinity calcium-binding sites.' This was fol-
lowed by a slow phase of calcium uptake associated with
the translocation of calcium across the membrane profile,
as identified by its sensitivity to ionophores rendering the
membrane permeable to calcium.1
Using the above-mentioned work as an essential basis,
we then performed time-resolved x-ray diffraction studies
to investigate whether large-scale changes (i.e., large
length-scale or long-range structural changes) in the
moderate resolution Ca2+ ATPase profile structure were
associated with the ATP-induced calcium transport pro-
cess (9, 10). Those studies employed focused, monochro-
'Two Ca2+ ions per protein molecule are bound to all forms of the
ATPase enzyme referred to in this paper. To simplify the notation, the
Ca2, ions have been omitted. The first phosphorylated intermediate,
for example, is denoted as E, - P instead of (Ca2)2E, - P.
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matic synchrotron x-radiation from both bending-magnet
and wiggler-magnet beam-lines at the Stanford Synchro-
tron Radiation Laboratory. The calcium active transport
process was synchronously (on the millisecond timescale)
initiated among the ATPase ensemble in the oriented
membrane multilayer by the flash photolysis of caged
ATP. A SIT image-intensifier-based detector was used to
record the meridional diffraction data in 0.2-5.0 s time-
frames. Because the temperature-dependent lifetimes of
the more interesting first and second phosphorylated
intermediate forms of the enzyme, E1 - P and E2 -P vary
from -a few hundred milliseconds to a few seconds (11)
over the temperature range for which the membrane
multilayers are stable (-20 < T < 1 50C), the inherently
slow read-out time of the detector pixel array (many
seconds) prevented "time-slicing," (i.e., the recording of
sequential time-frames of 0.2-5.0 s duration with only
negligible delay between frames). Therefore, we focussed
our attention on the comparison of the "resting" E1 vs. the
El - P forms of the enzyme. The highly reproducible
(multilayer to multilayer; see reference 10 for details) and
reversible (for each multilayer) changes in the profile
structure of the SR membrane upon E1 - P formation in
the oriented membrane multilayer at - 2-0OC, utilizing
2-5-s timeframes, are shown in Fig. 1 (taken from
reference 10). These changes are very similar to those
observed at 6-80C, utilizing 0.2-0.5-s timeframes. No
such changes in the membrane profile structure were
observable upon the flash photolysis of caged ADP under
otherwise identical conditions in the multilayer, thereby
providing a critical control against artifacts arising from
the flash-photolysis reactions. A qualitative interpretation
of these changes in the SR membrane profile structure
upon E1 - P formation indicated a large-scale (or
long-range) redistribution of protein mass from the
ATPase "headpiece" (which protrudes from the extrave-
sicular surface of the membrane lipid bilayer) into the
lipid hydrocarbon core region of the membrane profile,
namely a net inward movement of the ATPase mass into
the nonpolar core of the membrane.
While the above-mentioned time-resolved structural
studies clearly identified the specific changes in the SR
membrane profile structure associated with the ATP-
induced formation of E1 P from E1, they alone could not
address the significance of these changes to the actual
calcium active-transport process. It was suggested from
the literature that manipulation of several physical-
chemical parameters available to this membrane multi-
layer system might be utilized to slow the ATP-induced
formation, and/or extend the lifetime (i.e., "transient
trapping") of E1 - P, the latter also slowing the formation
of E2 -P from E1 - P without totally inhibiting enzyme
turnover. Upon further investigation of the ATP-induced
calcium transport kinetics, we verified that low tempera-
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FIGURE 1 Step-function model profiles at moderate resolution (17 A)
for a single SR membrane profile (the multilayer unit cell profile
contains two apposed single membranes each within 0 < z < 106 A): the
solid line is the step-function model profile for the SR membrane
immediately before the UV flash-photolysis of caged ATP, the dashed
line for the SR membrane immediately after the UV flash. The profiles
were derived from the analysis of the time-resolved x-ray diffraction
experiments performed at 0 to - 20C and with a time resolution of 2-5 s.
The numbers identify the following regions of the membrane profile: 1
and 4, the lipid polar headgroup region of the inner and outer monolayer,
respectively; 2 and 3, the lipid fatty acyl chain region of the inner and
outer monolayer, respectively; 5-7 the extravesicular surface of the
membrane (outside the lipid bilayer) containing the ATPase "headpiece";
the region about z = 0 corresponds to the intravesicular water space.
The changes in the SR membrane step-function model profile upon the
UV flash photolysis of caged ATP under these conditions arise from
E + - P formation from E, +, and include a decrease of density for steps
3 and 4 and a corresponding gain of density for steps 1 and 2; only a
small change (decrease) of density occurs for steps 5-7. For the
interpretation of these changes see the text and Figs. 3 and 4.
ture (relative to the upper characteristic temperature th
for lipid lateral phase separation, see below), "low"
[Mg2+ ] (micromolar vs. millimolar), and relatively low
water content (in the partially dehydrated, oriented
multilayers vs. vesicular dispersions), all slowed the
688 Biophysical Journal Volume 58 SeptemberBiophysical Journal Volume 58 September 1990
formation of El - P and extended its lifetime to varying
degrees, thereby only slowing overall enzyme turnover
without rendering the enzyme nonfunctional (12). Upon
subsequent investigation of the SR membrane profile
structure for the "resting" El form of the ATPase as a
function of the three thermodynamic variables tempera-
ture, [Mg2+ ] and [H20] in the oriented multilayers, we
discovered a well-defined transition temperature for a
large-scale (or long-range) structural change in the mem-
brane profile, closely associated with the onset of lipid
lateral-phase separation (the formation of two-dimension-
ally crystalline domains of frozen lipid chains in the
membrane plane) in the membrane (12, 13). The transi-
tion temperature for the membrane profile structure
invariably occurred near the upper characteristic temper-
ature th for the onset of lipid lateral-phase separation,
which varies significantly as a function of the two other
parameters ([Mg2+ ] and [H20]) studied. Upon lowering
the temperature through the transition, the membrane
profile structure for the "resting" El form of the ATPase
changes to that corresponding to a different moderate-
resolution conformation for the ATPase, which we denote
as El+, as shown in Fig. 2. A qualitative interpretation of
these changes indicated a large-scale (or long-range)
redistribution of the ATPase mass outward from the lipid
hydrocarbon core region of the membrane profile into the
"headpiece" region. Qualitatively similar structural
changes in the membrane profile are observed upon
lowering the temperature through the transition tempera-
ture, as it varies with [Mg2+ ] and [H20] in the multi-
layer. Comparison of the [Mg2+ ] and [H20] dependence
of the structural transition temperature with the results
from the corresponding ATP-induced calcium transport
kinetics studies strongly indicates that it is this structural
transition in the membrane profile which is responsible for
the slowing of El - P formation and its "transient
trapping." For example, at high [Mg2+ ] (-25 mM) and
relatively low [H20] the transition in the membrane
profile structure occurs at 2-30C, which corresponds to
the temperature below which a considerable extension of
El P lifetime is observed.
In this paper, we present model refinement calculations
that allow a more quantitative description of the changes
in the profile structure of the ATPase at moderate
resolution required to account for the changes in the SR
membrane profile associated with the El - El P,
El+ P, and El El+ transitions in the form of the
enzyme.
METHODS
The SR membrane profiles shown in Figs. 1 and 2 (as step-function,
relative electron density profiles) were subjected to model refinement
calculations analogous to those performed previously on this and other
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FIGURE 2 Step-function model profiles at 16-17 A resolution for a
single SR membrane profile in an oriented multilayer at high [Mg2"]
(-25 mM) as a function of temperature. The numbers (1-7) identify the
steps with the regions of a single SR membrane profile, as in Fig. 1. The
solid line is the step-function model profile for an SR membrane
multilayer in full equilibrium at 7.50C, i.e., above the transition
temperature (2-30C). Partial dehydration of the multilayers at temper-
atures below the transition temperature, e.g. - 2-OOC, results in their
full equilibration at that temperature and the step-function model
profile shown by the dotted line. The changes in the SR membrane
profile upon lowering the temperature through the transition tempera-
ture resulting in the transition from E, to the E, + form of the ATPase
include a decrease of density for steps 1-3 and for the region about z =
0, i.e., the intravesicular water space, and an increase of density for steps
4-6. For the interpretation of these changes, see the text and Figs. 3 and
4.
membrane systems (4-6, 9, 14-16), to provide the fraction of the area
occupied in the membrane plane by each of the membrane's molecular
components within each of the different distinguishable regions of the
membrane profile (as determined by the spatial resolution of the profile).
Area profiles for the SR membrane components for the E, form of the
ATPase were calculated to conform with the phospholipid asymmetry
between the inner and outer monolayers of the membrane lipid bilayer
and the protein profile, as experimentally determined previously via
neutron diffraction (5). This refinement calculation employed the
following simplified expression for the electron density profile for a
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three-component membrane:
pm(k) = pp * Ap(k) + p,(k) * Al,(k) + A.* (k), (1)
where k = 1 - 7 is the index of the seven resolution-limited steps in the
profiles of Figs. 1 and 2, Tp is the average electron density of the protein
component, Ap(k) is the fractional area in the membrane plane occupied
by the protein component in the kth step, p,(k) is the average electron
density of the phospholipid component in the kth step, allowing for the
average electron density difference for the headgroups vs. the hydrocar-
bon chains, A,(k) is the fractional area in the membrane plane occupied
by the phospholipid component in the kth step, and similarly for the
water component via Pw and A, (k). Furthermore, the constraint
[Ap(k) + A1(k) + A.(k) ] = A,., for all k was utilized. The area profiles
for the SR membrane components for the E, + and El + P forms of the
ATPase were then calculated, assuming that the respective temperature
induced (E,- E,+) and phosphorylation induced (E,+-El+E- P)
changes in the corresponding membrane profiles were dominated by
changes in the fractional areas occupied by the three components,
namely Ap(k), A(k), and A,(k), while maintaining the constraint
[Ap(k) + A,(k) + A.(k)] = A,O, for all k-steps and the constants pp,
p1(k), and P; as such, these model refinement calculations provide the
maximal changes (see Discussion) in the ATPase area profile associated
with E,-E + and E, + -E + - P transitions in the form of the enzyme.
This approach therefore models these changes in the three-component
membrane profile according to the expression:
Apm (k) =
-p* lAp (k) + -p1(k)
AAI (k) + - AA,, (k), (2)
which is a considerable simplification of the correct general expression,
Apm(k) = A[Tp(k) Ap(k) + p1(k)
Al(k) + ji9(k) A.(k)], (3)
for even such a simple three-component membrane. An alternate
simplification of the general expression provides:
Apm (k) = Ap (k) * A-pp (k) + Al (k)
A-p(k) + A,(k) Ap-(k), (4)
whereby the changes in the membrane profiles would be assumed to be
dominated by changes in the apparent electron densities of the three
components, while maintaining constant their respective areas occupied
in the membrane plane Ap(k), A,(k), and Aj(k). The results of the
model refinement calculations must necessarily reflect any simplifying
assumptions made. We have chosen to utilize the simplification of
expression 2 because of insufficient experimental evidence to establish
reasonable constraints on the allowable App, etc. required for utilization
of the alternate simplification of expression 4. However, we will
demonstrate in the Discussion that our overall conclusions are indeed
similar, utilizing either of the simplifications of expressions 2 or 4.
Needless to say, the correct general expression 3 for Apm(k) is even less
constrained in the absence of additional information, for example, as
provided from neutron diffraction.
RESULTS
The area profiles at moderate resolution (- 17 A) for the
separate Ca2+ ATPase protein, phospholipid and water
components for a single SR membrane are shown in Fig. 3
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FIGURE 3 Area profiles at moderate resolution (- 17 A) for the sepa-
rate Ca2" ATPase protein, phospholipid, and water components for a
single SR membrane. These area profiles are derived from the mem-
brane electron density profiles (10, 13) and represent the area occupied
in the membrane plane by each of the membrane's molecular compo-
nents within each of the different resolution-limited regions of the
membrane profile. (A) Area profiles for the SR membrane components
at rest at 6-80C, i.e., for the E, form of the ATPase; they are consistent
with the phospholipid asymmetry between inner versus outer monolay-
ers of the membrane lipid bilayer, and with the protein profile deter-
mined previously (5). Upon lowering the temperature through the
structural transition temperature for the resting state of the Ca2"
ATPase, the area profile for the protein changes to the one shown in B,
characterizing the E, + form of the ATPase. Upon enzyme phosphoryla-
tion and formation of E, + - P from E, +, the protein area profile changes
to that shown in C. The area profiles in A-C are totally consistent with
the step-function model profiles in Figs. 1 and 2; the arrows delimit the
seven regions in the area profiles corresponding to the regions with the
same number in the step-function model profiles of Figs. 1 and 2. The
area profiles shown in B and C were calculated assuming that the
respective temperature-induced and phosphorylation-induced changes
in the membrane profile were dominated by changes in the area profiles
of the three membrane components, while maintaining the constraint
[Ap(k) + A1(k) + Aw(k)] = A,., for all steps indexed k = 1-7 and
the constants Tp, pl (k) and Pw (see test and references 10, 12, 13).
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for the El, El+, and E' - P forms of the enzyme. Upon
lowering the temperature through the structural transi-
tion for the resting E1 form of the ATPase, the area profile
for the protein changes from that of Fig. 3 A for the El
form to that of Fig. 3 B for the El+ form of the enzyme;
this structural change in the ATPase protein profile
consists of a large-scale or long-range (mass-conserving)
redistribution of as much as 15% of the total ATPase
mass outward from the lipid hydrocarbon core region of
the membrane profile into the "headpiece" region. Upon
phosphorylation of the El+ form of the enzyme, the area
profile for the protein changes from that of Fig. 3 B for the
E1I form to that of Fig. 3 C for the ElI- P form of the
enzyme; this structural change in the ATPase protein
profile consists of a large-scale or long-range (mass
conserving) redistribution of as much as 10% of the total
ATPase mass inward from the "headpiece" region into
the lipid hydrocarbon core region of the membrane
profile. Similar changes occur in the ATPase protein
profile for the El aElB P transition (not shown, see
reference 9).
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DISCUSSION
On the basis of these model refinement calculations and
the prior work from this laboratory briefly described in
the Introduction, it has been reasonably established that
very similar large-scale (or long-range) structural changes
occur throughout the SR membrane Ca2' ATPase profile
upon the ATP-induced formation of El P from E1, and
the slower formation of El+- P from El +. These changes
that occur upon phosphorylation of the ATPase enzyme
comprise a net inward movement of protein mass from the
ATPase "headpiece" on the extravesicular surface into
the lipid hydrocarbon core region of the membrane
profile; such changes are shown pictorially in Fig. 4 C.
Conversely, it has been similarly demonstrated that
large-scale (or long-range) structural changes in the
"resting" El form the ATPase which result in the El+
form are responsible for slowing the kinetics of its
ATP-induced phosphorylation to El++ P. These struc-
tural changes generally comprise a net outward move-
ment of protein mass from the lipid hydrocarbon core to
the ATPase "headpiece" on the extravesicular surface
region of the membrane profile, and are shown pictorially
in Fig. 4 B. Therefore, the structural changes in the
"resting" El form of the ATPase induced via manipula-
tion of parameters of the membrane phase diagram that
result in the El + form and in the slowing of ATP-induced
El'+ P formation are basically opposite to those struc-
tural changes that occur upon ATP-induced phosphoryla-
tion of either El or El'. The structural changes in the
E,>P (dotted)
versus
Et+
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FIGURE 4 Pictorial representation of the cylindrically averaged (about
the normal to the membrane plane) Ca2" ATPase protein structure
based on the area profiles shown in Fig. 3. (A) The resting state E, at
6-80. (B) In the resting state E + at 0 to - 20C. (C) The transiently
trapped phosphorylated intermediate state El + - P at 0 to - 20C. In B,
the dotted-line cylinder represents the E, + form of the protein, whereas
in C, the dotted-line cylinder represents the E, + - P form of the protein.
The numbers 1-7 in B correlate the cylindrical regions representing the
protein with the regions in the step-function model profiles of Figs. 1 and
2. This representation also assumes that the respective phosphorylation-
induced and temperature-induced changes in the membrane profile are
dominated by changes in the area profiles of the three membrane
components, while maintaining the constraint [Ap(k) + A,(k) +
A,(k)] = A,O, for all steps indexed k = 1- 7 and the constants pp
(k) and P (see text and references 10, 12, 13).
"resting" El form of the SR ATPase responsible for
slower phosphorylation produce an ATPase structure,
ElB, and the structural differences between El+ and the
corresponding phosphorylated intermediate ElB P are
larger than the differences between the El and EB P
forms, especially within the more conformationally restric-
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tive lipid bilayer region of the membrane. Hence, the
overall activation energy barrier in the ATPase polypep-
tide's configurational free-energy surface is significantly
greater for the formation E1 + - P from E1 +, as compared
with that for the formation of E1 - P from E1. The fact
that changes in the structure of the protein that slow
active calcium transport are opposite to those that occur
upon enzyme phosphorylation strongly suggests that the
large-scale or long-range structural changes observed
upon phosphorylation of the enzyme are essential for its
active calcium transport function.
With regard to the above discussion, the following
points should be noted: (a) The changes in the SR
membrane profile associated with the transitions El+-+
El', El El - P and El +- El - P of the ATPase are
rapid and reversible. The timescales for these transitions
are all sufficiently short that we did not consider phospho-
lipid "flip-flop" as a possible contributor to the observed
changes in the SR membrane profile (9, 10, 12, 13).
(b) The changes in the SR membrane profile associated
with these transitions of the ATPase could also conceiv-
ably arise from order-disorder transitions in the ATPase
and/or phospholipid components of the membrane, which
would be more consistent with the alternate simplification
(expression 4) for Apm(k), assuming the changes in the
membrane profiles to be dominated by changes in the
apparent electron densities of the membrane components,
while maintaining their respective areas in the membrane
plane constant (see Methods). Assuming that the changes
in the SR membrane profile described arise exclusively
from such order-disorder transitions, then the E1 -k E-
P and E1+- E1+ P transitions in the ATPase would
require a disordering of the ATPase "headpiece" and of
the ATPase and/or phospholipid within the outer mono-
layer of the membrane lipid bilayer, and an ordering of
the ATPase and/or phospholipid within the inner mono-
layer upon enzyme phosphorylation. Conversely, the tem-
perature-induced E1 -- E1+ transition in the ATPase
would require an ordering of the ATPase "headpiece"
and of the ATPase and/or phospholipid in the outer
monolayer and a disordering of the ATPase and/or
phospholipid in the inner-monolayer of the membrane
lipid bilayer. Thus, even in this other extreme of interpre-
tation, the structural changes (in terms of exclusively
order-disorder transitions) must involve the ATPase, are
large-scale or long-range, spanning the entire membrane
profile, and are opposite in nature for the E1 - El - P and
El+-EE' P versus the E1 - E1l transitions of the
ATPase. As a result, the overall conclusions of this work
remain, namely that large-scale or long-range changes in
the SR membrane profile occur upon enzyme phosphory-
lation and that they appear essential for active calcium
transport.
(c) Our assumption that the phosphorylation-induced
and temperature-induced changes in the SR membrane
profile were dominated by changes in the area profiles of
the three membrane components, while maintaining the
total area constraint [Ap(k) + AI(k) + Aw(k)] = Atot,
and the constants
-p, PI (k), and Pw, results in a maximiza-
tion of the protein mass redistributions required to explain
the changes in the membrane profile. In terms of (b)
above, we provide one example to illustrate the point:
From Fig. 3, B and C, the transition from E1, - E1+ P
results in an increase in ATPase mass in the hydrocarbon
core of the inner lipid monolayer (region "2" of the area
profiles), i.e., increased Ap(2) at constant -p. In the
absence of phospholipid "flip-flop" on the phosphoryla-
tion timescale, the fatty-acid chains of the inner mono-
layer must therefore occupy less area A,(2) in the mem-
brane plane, namely by ordering and thereby raising their
density p1(2). Hence, both ATPase protein mass increase
and the resulting phospholipid hydrocarbon chain order-
ing contribute to the increased electron density of region
"2" in Fig. 1, upon enzyme phosphorylation. As a result of
our assumptions (namely, constant lp(2) and p1(2) in this
case), the contribution of ATPase mass increase to region
"2" upon enzyme phosphorylation has been overesti-
mated. Similar arguments can apply to the other regions
of the membrane profile containing the lipid bilayer
(regions "1-4") and also the ATPase "headpiece" (re-
gions "5-7"), where water solvates the ATPase instead of
phospholipid.
CONCLUSION
We have presented evidence that large-scale or long-
range structural changes occur over the SR membrane
profile upon enzyme phosphorylation during active cal-
cium transport, and that these large-scale or long-range
changes appear essential for the active calcium transport
function. These large-scale structure changes have been
quantitatively accounted for in a manner which necessar-
ily maximized the contribution of ATPase mass redistri-
bution across the SR membrane profile. Phosphorylation-
induced ordering/disordering of the ATPase polypeptide,
and the resulting ordering/disordering of the phospho-
lipid/water solvating the protein in the different regions
of the membrane profile may also contribute to these
essential structural changes in the SR membrane profile.
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